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ABSTRACT 

Cdl surface gaogUotides akow altered patterni of expression as a con- 
sequence of maligna at tra as formation and have therefore been of Interest 
u potential targets for immunotherapy, including vaccine construction. 
Oae obstacle haa been that tome of the gangiiosidex that are overexpresied 
ia human cancers an poorly immunogenic la htuaaaus. A caae in potat hi 
Gpa, a prominent ga&gUoside of human analgneau melanoma. Using an 
approach that hat been effective la the cooftructtoa of bacterial carbo- 
hydrate vaccines, we have succeeded In Increasing the immanogealdty of 
Ga, in the mouse by conjugating the gaaglioside with inunanogenic car- 
riers. Several conjugation methods were used. The optimal procedure 
involved ozone cleavage of the double bond of Gdj in the cereraide back- 
bone, Introducing an aldehyde group, and coupling to aminolyjyl groups 
of proteins by reductive ami nation. Conjugates were constructed with a 
synthetic multiple antigenic peptide expressing repeats of a malarial T-cell 
epitope, outer membrane proteins of SeUstria mtningtiidh, entiotitzed 
bovine serum aroomio, keyhole limpet hemocyaoin, and polylysi&e. Mice 
immunized with these conjugates showed a stronger antibody response to 
G w than mice immunized with unconjugated Go* The strongest response 
was observed in mice immunized with the keynote limpet hemocyanin 
conjugate of the Gm aldehyde derivative and the adjuvant QS-21. These 
mice showed not only a long-iasting high-liter IgM response but also a 
coaaaateat high-liter IgG response (predominantly IgGl), indicating re- 
cruttmeat of T-eed help, although the titers of IgM and IgG antibodies 
following booster immunizations were not as high as they arc in the 
response to classical T-ccU-dcpcadent antigen*. This method is applicable 
to other gaagMosldeSt aod It may be useful *n the construction of unmu- 
aogtinfc rmagltotid* vaccines for the Immunotherapy of human cancers 
expressing gangikwides on their ceil surface. 



INTRODUCTION 

Ganglioside* arc glycol ipid constituents of the cell membrane. The 
term was coined in 1942 to refer to lipids of the central nervous 
system that contained sialic acid, to signify their prime location in 
ganglion cells and their glycosidic nature (1). Their lipophilic com- 
ponent, the ceramide (an amide -linked long-chain sphingoid base and 
a fatty acid), is thought to be embedded in the cuter membrane of the 
cell membrane lipid bilayer. The carbohydrate portion of the molecule 
is oriented toward the outside of the cell. Malignant transformation 
appears to activate enzymes involved in ganglioside glycosylarion, 
resulting in altered patterns of ganglioside expression in tumors such 
as astrocytoma, neuroblastoma, and malignant melanoma (2). In nor* 
mal melanocytes, for example, the predominant ganglioside is Gko. 3 
Other gangliosidea including G D3> Gm* G Dlto and Gr lb constitute 
less than 10% of the total (3). In malignant melanoma, increased 
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expression of G Cf3l G 0 2: and G M2 has been observed (4. 5), and these 
gangliesides have therefore beer, considered potential targets for im- 
munotherapy. 

One approach to ganglioside-largeted immunotherapy has been the 
use of mAbs. 4 Treatment of patients with melanoma or neuroblastoma 
with mAb recognizing G D3 , Go* or G M2 has resulted in tumor re- 
gression in some cases (6-9). The other approach has been to immu- 
nize patients with ganglioside vaccine* in attempts to induce produc- 
tion of ganglioside antibodies by the patients themselves. These 
attempts have been successful so far only with Gms vaccines. Patients 
with American Joint Committee on Cancer Stage III malignant mela- 
noma, after complete resection of all rumor, have been shown to 
produce and-G^n antibodies in response to vaccination with Gr^ 
Bacillus Calmene-Cuerin (after pretreatroent with low-dose cyclo- 
phosphamide to reduce suppressor activity), and the disease-free in- 
terval arid overall survival were longer in paints producing G M 2 
antibodies (10). G D3 and G D2l on the other han<* *ere found to be 
only rarely immunogenic when administered in the same way to 
patients with melanoma (11). Even with the G M2 vaccines, the anti- 
body response showed the characteristics of a T-cell -independent re- 
sponse, that is to say, [gM production of short duration, rare conver- 
sion to IgG production, and lack of a booster effect (12, 13). 

Similar difficulties have been encountered in the development of 
effective vaccines against bacterial carbohydrate antigens. One ap- 
proach that has been successful in overcoming these problems is 
conjugation of the antigen with immunogenic protein carriers. For 
example, a conjugate vaccine that links the Haemophilus influenzae 
type b capsular polysaccharide to the outer-membrane protein com- 
plex cf Seisseria meningitidis serogroup B was recently shown to 
induce the production of antibodies and a high rate of protection 
against invasive disease caused by Haemophilus influenzae type b in 
infants (14), and similar results were reported for a conjugate vaccine 
using a nontoxic mutant diphtheria toxin as carrier (15). 

We have explored this approach in attempts to increase the immu- 
ncgenicity of melanoma gangliosides. We report here the effects of 
conjugating G D3 with several protein canters on its immunogenicity 
in the mouse. 

MATERIALS AND METHODS 

GaagUosides. G^o, G MJ and G D)b( extracted from bovine brain, were 
provided by Fidie Research Laboratory (Abano Terme, Italy). G 02 was made 
from G Dl6 by enzymatic cleavage with ^galactosidase from bovine testes 
(16). G w (mcl) was isolated from human melanoma tissue (17), Gj> s (bono) 
and GT3 were isolated from bovine buttermilk (lfi*X and disialyllactose (Geo 
cligo saccharide) was isolated from bovine colostrum as previously described 
(19). 

Reagents. HPTLC silica gel plates were obtained from E. Merck (Darm- 
stadt, Geraany); 4-dUofo-l-naphthol, p-nitrophcnyl phosphate disodium, and 
sodium cyanoborohydride were from Sigma Chemical Co. (St. Louis, MO); 



4 The abbreviations used ace: mAb, monoclonal antibody; MAP. muhipk antigenic 
peptide; OMP, outer membrane protein; cSSA. cari o niie d bovine aerum albumin: ITLC, 
immune ihin-Uycr chromatography; HPTLC, biga-pcrformarwe thin-layer chromatogra- 
phy; EL1SA, enzyme-linked iaomBooaorbent assays; FACS, fluorescence-aaivaled Dell 
ovnu. PBS, phosphate-buffered saline; bben, bovine buttermilk. 
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methylsulfide was from Aldrich (Milwaukee, WO; cyclophosphamide (Cy- 
toxan) wis from Meed Johnson (Syncuse, NY); nod QS-21 adjuvant, a ho- 
mogeneous saponin componcw purified from QuiRaja seponarta Molina nee 
(20), wu kindly donned by Cambridge Biotech Corp (Worcester. MA). It is 
an ampbipaihic molecule and wu provided as a white powder, forming a dear 
colorless solution when dissolved in PBS. 

ProUia*. Pory-L-lysine bydrobromide [MW(vis)3800] was purchased from 
Sigma, keyhole limpet bemocyanin (KX-H) was from CaJWocbeni (La Jolla, 
CA), the cBSA-lmjcci Supcrcanier immune modulator was from Pierce 
(Roctfort, \L\ and Neisseria meningitidis OMPs were kindly provided by Dr. 
M. S. Blake (Rockefeller University, New York). MAP YAL-JV 294-1 con- 
taining four repeats of a malarial T-ccll epitope was a gift from Dr. J. P. lam 
(Rockefeller University). 

MonodkKial Antibodies. Rabbit anti-mouse immunoglobulin* conjugated 
to horseradish peroxidase for 1TLC sad rabbit anti-mouse IgM and IgO 
conjugated to alkaline phosphatase for EUSAs, were obtained from Zymed 
(San Francisco, CA); anti-Gps mAb R24 was generated in our laboratory (21). 

Serological Assays. EXJSA were performed as previously described (13). 
To control for nonspecific " stickiness, " immune sera were also tested on plates 
to which bo ganglioside had been added, and the reading was subtracted from 
the value obtained in the presence of ganglioside. The titer wis defined si the 
highest dilution yielding a corrected absorbaoce of 0.1 or greater. Immuno- 
staining of ganglioeides with mAb or mouse sera was performed tfter sepa- 
ration on HPTLC silica gel glass pistes as previously described (4). Plates were 
developed ia solvent 1 [crJoroform^nethanol.-water (0.25% QCI2). 50:40:10 
(v/v)] or solvent 2 [ethanol'ji-butylakoho]:pyridine:water: acetic acid, 100:10: 
10:303 (v/v)], and gangliosides were visualized with resorcinol-HO reagent. 
Dot-blot immune stains were performed on nitrocellulose strips utilizing pu- 
rified gangliosides spotted in equul amounts and developed as described before 
(13). 

Immuoizatloa. Six-week-old female BALB/c x C57BL/6 Fj mice (The 
Jackson Laboratory, Bar Harbor, MB) were given an i.p. injection of cyclo- 
phosphamide (15 mg/kg) 3 days before the first immunization and were then 
assigned to treatment groups Groups of 4 or 5 mice were given three sx. 
injections of a vaccine 2 weeks apart if not otherwise indicated. Each vaccine 
contained 20 *Ag Op 3 or 15 fig disiaiyllactose and 10 p.g QS-21 in a total 
volume of 0.1 ml PBS. Mice were bled from (he retroorbitaJ sinus before 
vaccination and 2 weeks after the last vaccine injection unless indicated oth- 
erwise. 

Gdj Conjugate Preparation. Coy (2 rng) was dissolved in 2 ml methanol 
by sonicalion and cooled to -78°C in an eihanol/dry ice bath. Ozone was 
generated in on ozone generator (Del industries, San Luis Obispa CA) and was 
passed through the sample for 30 min under vigorous stirring (22. 23). The 
excess of ozone was then displaced with nitrogen over a period of 10 mb. 
Methylsulfide (100 uJ) was added (24), and ihe sample was kept at -78'C for 
30 min and then at room temperature for 90 min under vigorous stirring. The 
sample was dried under a stream of nitrogen and monitored by HPTLC. The 
long-chain aldehyde was separated by adding *-hcxane (2 ml) to the dry 
sample, followed by sonication for 5 min and centrifugal 10 n at 200C X g for 
15 min. The A-hexane was carefully drawn off and discarded, and the sample 
was dried under a stream of nitrogen. Cleaved G D > and native Geo were 
separated by HPLC (Waters, System 501, Milford. MA) utilizing a C,g re- 
versed-phase column (10 x 250 mm; Rainin Instruments, Ridgcfield, NJ). 
Gangliosides were c lured with a linear water-acetoni'.rile gradient and moni- 
tored at 234 nm, and the fractions were analyzed by HPTLC. Fractions chat 
contained cleaved Gu were combined and evapordled at 37 e C with a Roia- 
vapor (Buchi, Flawils, Swiuerland). Cleaved G M (1.5 mg), 1.5 rng protein 
carrier in PBS, and 2 mg sodium cyanoborohydnde were incubated urder 
gentle Bgitation at 3 7 °C for 4g h. After 16 h 1 mg sodium cyanoborohydnde 
was added. The progress of coupling was monitored by HPTLC. Gcj-prorcm 
conjugates did not migrate in solvent I and solvent 2 but remained at the origin 
as a resorcinol-po6itive band. The mixture was dialyzed across 5000 molecular 
weight cutoff dialysis tubing with three changes of PBS (4 liters each), at 4 e C 
for 48 h, and passed through an Extraaigel detergent-removing gel (Fierce, 
Rccfcfort, IL) for final purification of unconjugated Gds- The samples were 
lyopbilized, and their protein and ganglioside content was determined by 
Bio Rad protein assay and by neuraminic acid determination according :o the 
method of Svcnnerholm (23). 



DtsUrjOactese Cosjugate Preparation. Disiaiyliactose was isolated from 
bovine colostrum as described previously (19). The carbohydrate was attached 
to protein by reductive amlnation (26). Disialyllaetuse (10 mg) was 'Incubated 
with 2 mg proteins in 2 ml PBS for 14 days at 3TC after sterile filtration. 
Sodium cyanobcrohydride (2 mg) was added at the beginning,' and 1 mg was 
added every 3 days. The coupling was monitored by HPTLC in solvent 2. The 
drsialyUactosc conjugates were purified by dialysis across 5000 molecular 
weight cutoff dialysis membrane with 'Jure changes of PBS (4 liters each) at 
4*C fox 48 h, followed by lyophilizadoo. Tbe protein and neuraminic acid 
content was determined as described above. Disiaiyllactose was also conju- 
gated to proteins according to the method described by Roy and Laferriere 
(27). During this proce^hiretf-acroloylaled glycopyraruaylamine derivatives of 
the oligosaccharide were formed first, foil awed by conjugation vU Mkfaael 
addition to amino groups of the pjotein. Purification and extermination of 
protein and neuraminic Kid content were performed as described above. 

DvtcraBintttsoa) of Antibody Subclasses. Determination of antibody sub- 
classes was performed by eXJSA using subc lass-specific rabbit anti-mouse 
imrnusogiobulios IgOU lgG2a, lgG2b. lgG3, and IgA (Zymed. San Francisco, 
CA> Alkaline phosphatase- labeled goat and- rabbit IgG served as the signal- 
generating reagent 

FACS Analysis of Mouse Antbera. A single cell suspension of the mela- 
noma cell line SK-MEL-28 was obtained after treatment with 0.1% EDTA in 
PBS followed by passage through a 26*4 -gauge needle. Cells (3 X 10 s ) were 
incubated with 40 uJ of 1:20 diluted post- or p/c immunization serum for 30 
min on ice. The cells were washed three times with 3% fetal calf serum in PBS. 
Thirty jd of diluted (1:50) fluorescein -sotruocyaaate-labcled goat anti-mouse 
IgG (Southern Biotechnology Associates inc., Birmingham, AL) were added as 
secondary antibody, followed by incubation 00 ice for 30 min. Cells were 
washed three times as above and resuspended in 500 >J 3% fetal calf serum in 
PBS and analyzed by flow cytometry (FACScan, Beet on Dickinson, San Jose, 
CA). 

RESULTS 

Preparation and Characterization of G 03- Protein Conjugates. 

Gds (bora) ia methanol was selectively cleaved with ozone at the 
C4-CS double bood in the ceramide portion. It is assumed that me- 
thoxyperoxides arc formed as intermediate products (24), and there- 
fore methylsulfide was added as a reducing agenL "Hie result of the 
cleavage was a G 03 derivative with an aldehyde functional group in 
the position of the former double bond in the ceramide portion (Fig. 
1). Cleaved 0 D3 migrated slower than native G D3 . and formed double 
bands because the ceramide contained unsaturated fatty acids that 
were cleaved simultaneously (see Fig. 1, inset). Densitometry analy- 
sis of HPTLC plates showed that more than 70% of G D3 (bbm) was 
cleaved by this procedure. Preliminary experiments involving longer 
ozone treatment had similar results, indicating that 30% of G D3 from 
this source consists of sphinganine or phyrosphingesine analogues that 
contain no ozone -cleavable ceramide double bond. Cleavage at -78°C 
with ozone treatment up to 1 h (depending on the amount of G D3 used) 
was found to be optimal. Cleaved G D3 persisted only in acidic and 
oeutjal phosphate buffers for up to 72 h, but with the formation of 
increasing amounts of oligosaccharide due to ^-elimination reactions 
[which have been shown to occur much faster at alkaline pH (23)]. 
Tbe decreased hydrophobicity of cieaved G^ compared to native G D3 
allowed its separation by HPLC on Cj 8 reversed-phase columns. 
Utilizing isocratic elution with a linear water-dcetonitrile gradient, 
cleaved G D3 was recovered first, and uncleaved G D ? was eluted in 
later fractions. The incubation of cleaved G D3 with proteins resulted in 
the formation of Schiff bases between ihe cleaved ganglioside and 
e-arainolysyl groups. They were reduced with sodium cyanoborohy- 
dnde to form stable secondary amine bonds (28). The reaction was 
monitored by HPTLC, which showed a decreasing ratio of the cleaved 
G^j to a resorrinol positive band at the origin, indicating the forma- 
tion of neoglycoconjugates. The reaction was generally completed 
after incubation for 48 h at 37*C. Disialyllaciose was readily remov- 
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able by dialysis, and the excess of cleaved G D3 was removed by 
passage through a deTergent-rcmoving column. The degree of cou- 
pling was determined by sialic acid and protein determinations. The 
weight ratio of Gdj to proteins in the different conjugates, shown in 
Table 1, depended on the accessibility of lysine groups in the proteins. 
The average yield of G D3 coupled to proteins was 30%. G D3 conju- 
gates prepared in :his way were reactive with anrj-G D3 mAb R24 by 
Western blot analysis, although the G D3 -aldehyde derivative itself was 
not reactive by ITLC (data not shown). 

Oligosaccharide Conjugation. The carbohydrate part of G D3 , di- 
sialyllactose, was coupled to proteins utilizing two methods. The first 
method, reductive arr.i nation, resulted in conjugation of the open ring 
form of the glucose to proteins (26). The method required a long 
incubation of the oligosaccharide with proteins, and the yield was less 
than 20%. In the second method (27), involving .V-acroloylation of the 
terminal glucose, the oligosaccharide was coupled lo proteins with a 



closed ring formation. None of these oligosaccharide conjugates 
showed reactivity with raAb R24 by Western blot analysis (data not 
shown). 

Induction of a Serological Response against G D3 by Imnunlza- 
tion with Goa-Protein Conjugates. AU vaccines were well tolerated. 
Mice were observed for at least 6 months, and neither acute nor 
systemic toxicity was detected. The serological response to immuni- 
zation with G D3 or G D3 -protein conjugates, using 0S*21 as adjuvant, 
is shown in Table 1. QS-21 was used because we had previously 
demonstrated its superiority over other adjuvants with another carbo* 
hydrate amigen-KLH conjugate vaccine (29). In EL1SA, preininuni- 
zation sera showed no IgM or IgG antibodies reactive with G D > 
Immunization with unconjugated G^ did not induce the production of 
G03 anybodies. Immunization with Q m conjugates, on the other 
hand, was effective in inducing antibody production. Of the five 
proteins used in the preparation of the conjugates, KLH showed the 



Fable ] Antibody response to iMmutaatia* wuk different vaccUes ztmtaimng C? w or disiaifltactosc conjugated to carrier proteua 



Vaccine + OS- 21 


No. of mice 


Guy protein 
weight ratio* 


Om 


5 




CWKLH* 


5 


033 




14 


069 




15 


077 




15 


a93 


Go,- MAP* 


10 


1.0 


GovPolylystiie 


10 


KD 


DiMalyllfcctote-KLH* 


4 


0.055 


DisiAlyU«ciosc-cBSA d 


4 


0. 16 


DiiiaJyUactose-KLH' 


4 


0.25 


Diaia ly llac luie-cBS A* 


4 


0.34 


Disialyllactase -Poryiy line 


5 


ND 



Reciprocal EJJSA peak liter agues: G D 3 



0(5) 20 (3), 0(2) 

0 (S) 160. 40, 20 (3) 

10,240 (2). 5.1X (2), 2460 (3X 1.2SG (2), SO (2\ 40 (2). 0 2,560, 1,280 (2), 6*0, 320 (3), 160 (2), 80 (3). 20, 0 

2^60 (21. 320 (2), 160, 80 (2> 40 (4), 20 (2). 0(3) 80 (2), 40 (2), 20 P% 0 (4) 

2,560, 80 (4\ 20 (3). 0 (7) 1 ,280, 320 (2). 160 (7), SO (4). 40 

40, 0 (0) 160 (2), 40 (4), 20 (3), 0 

0 (10) 320. 160 (4), 80, 40, 20 <2>, 0 

0(4) I60(3> ( 80 

20, 0 (3) 40, 20 (3) 

20, 0 (3) 40 (2X 0 (2) 

0 (4) 0 (4) 

0 (5) 90 (3), 40 (2) 



•Protein and ganglkside oocienl were determined by BioRad piottin assay aod by neuraminic acid ^termination according to we method of Svennerholm (25). 

Cjxu and KLH were mixed prior co immunization. 

V s °° vlltntl y att *ched tc proteins prior io immunization after ozooolysia as described in \Materials and Methods." 
• rv ^ y | ,8Ct08C W " con i u » atetl 10 KLH *«3 cBSA by reductive agination acconlinft to the method of Gray (26). 

Disiallylaciose was :oojugai*d io KLH, cBSA. and poly-t-lysjoe after .V-^roloylatioa and Michasl addition aecordica ic u< method of Rev and Ufferiire (27). 
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Gn^H^O^TllS," f^*" U ! CluCed J0 mice immunized wkh 



strangest immunogcnicily, resulting in a median titer of 1:320 for IgM 

; l w ?? aatibodics - 1116 s ** cific *w p»» « i. 

.ermiDed with subclass-specific secondary rabbit anti-mouse amibod- 
J^^ugen-specific antibodies were found to be predominantly of the 
IgGl subcJass. Antigen-specific l gC 2a and IgG2b antibodies were 
found only „ traces, and no r g G3 or IgA antibodies were detected 

In contrast to immunization with G D3 conjugates, immunization' 
with G M -ob*oucchwd€ conjugates induced oniy a weak IgM re- 
sponse to G D3 and no IgG response. 

Sequential IgM and IgG antibody tilers against G D , for five mice 
immured with G DJ -KLH and QS-21 are shown in Fi* 1 fcM 
peaked 2 weeks after the third vaccination and declined bv £ time of 

t^n t ^° Ster T Uni2atl ° n 3t WCC * 16 Tnc hm ***** imniuni. 
atton had no sigmficant impact on igM titers, but the second boosts 
immunization at week 28 increased IgM titers to the peak level seen 

Control 
mMAb 
R24 



after the third vattinatioo of the initial series. IgG titers also rose up 
to 2 weeks after the third vaccination and decreased by the time of the 
first booster vaccination bui rapidly increased after the booster to 
previous peak titers. IgG titers remained at this level for 10 weeks 
with a further increase after the second booster in most mice The 
evidence for a secondary immune response after the booster irrmu- 
nuation was therefore equ,vocaJ. The response w as clearly more rapid 
than afler the initial immunization and lasted longer, bui the increase 
in tiler was not comparable to booster responses seen with classical 
T-celi-dependent antigens. 

Specificity of the Serological Response to Immunization with 
Goj-Protein Conjugal**. The specificity of the serological response 
to immunization with G D3 .protein conjugates and QS-21 was ana- 
lyzed by dot-blct immune staining and ITLC. An example of dot-blot 
immune sunn analysis is shown in Fig. 3. Preimmune sera and in. 
mune sera showing high C Dr antibody titers in EUSA were tested on 
nurocellulcse strips that had been spotted with C D3 (bbm) or Q„ 
(me!) and pur.fied structurally related gangiiosides: G M3 G D „ G D1 * 
and G„. As expected on the basis of the EUSA results,' preimmune 
sera showed no reactivity. In contrast, sera obtained after immuniza- 
tion with KLH conjugates of G Dr ganglioside reacted with G 03 (bbm) 
(the immunogen) or C w (mel), but not with the other gangiiosides 
except Gt, in some cases, a pattern also seen in tests of the mouse 
monoclonal IgG3 antibody R24, the reagent by which high ceil sur- 
/?m ^ JCSsm of °m on human melanoma cells was first defined 
(20). The same specificity pattern was seen in dot-blot immune stain 
tests of sera from mice immunized with other G M -protera conjugates, 
the only exception being high-titer sera (by EUSA) from mice im- 
munized with G D3 -cBSA, which showed no reactivity with G D3 or the 
other gangiiosides. 

ITLC permits specificity analysis of gangiiosidtr antibodies in tests 
on tissue extracts. Examples of tests with high-titer sera from mice 
immunized with G Dr KLH and QS-21 are shown in Fig 4 The sera 
were rested at a dilution of 1:150 on ganglioside extracts of human 
brain, neuroblastoma, and melanoma, as well as G D3 (bbra) that had 
b«o used for immunization. The figure shows HPTLC ganglioside 
patterns of these reagents after staining with resorcinol, as compared 
with the patterns of reactivity exhibited after exposure to sera from 
immunized mice or mAb R24. As can be seen in the resorcinol-stained 
panel the predominant gangiiosides in the brain tissue extract are 
G.mi.. Go, G Dlb . and G TIb , whereas the neuroblastoma extract shows 
1>D2 and G M2 in addition, and the melanoma extract contains mainly 



pre/post 
GD3-KLH 
sera IgG 



pre/post 
GD3-KLH 
sera IgM 



pre/post 
GD3-OMP 
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Dot-bk* immune sain isuy for IgM tnd 
IVu 1 ":^?" m Mn ofmjce immunittii with G tt ,- 
■U-H *nd Gar OMP conjugates lnd QS-21. Artist* 
au^s *ttt .ppued io niuocdhiloie siripTin 
equal amounts (a J f*) ud were allowed to Yew 
w<rt pfe/postunmsoiation serum from individual 
oi tee. 
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Control 
mMAfc R24 pr»-s«um 



GD3-KLH anthsera 
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ABCO ABCO A BCD ABCDA8C0 
Fi*4 innaunc thin-Uver dmxmtognms of three repraeottdve mouse ten ifer 
«««,on wKh 0O3-KLH oa» jug* *nd OS-21. 1,0 a* IgM antibodk. ut 9 VZ 
, P T 3 T n *" ,lld * nli - Gos ^ 4 t«ied o. bosun baa MutMdts 

jingiiostde ccrnpasHioa of each sample. 

0 D3 and G Ma . Reactivity of IgG antibodies in postim munition sera, 
as wc!l the reactivity of IgG3 mouse monoclonal antibodv R24, was 
restricted to G D3 (Fig. 4*). The high-titer IgM antibodies, on the other 
hand, showed weak cross-reactivity with other gangliosides and sul- 
fatide in the brain extraa (Fig. 4a). 

Sera from mice immunized with other G D3 conjugates were tested 
m the same way (at lower dilution) and showed the same specificity 
with the exception, again, of high-titer sera from mice immunized 
with Gdj-cBSA, which showed no ganglioside reactivity (data not 
shown). v 

Cell Surface Reactivity of Immune Sem Determined by FACS 
Analysis. Sera from mice were tested for binding to cells of the 
melanoma cell line SK-MEL-2S, a cell line known to express cell 
surface G M . A representative example of a FACS analysis utilizing a 
fluorescein isothiocyanate-labeled secondary goat ami-mouse anti- 
toy is shown in Fig. 5. Sera before and after immunization with 
OorKLH and QS-21 were tested. ^immunization serum stained 8% 
of the target cells, posUmraunization serum 92%, 

DISCUSSION 

Conjugation of poorly immunogenic antigens to highly immuno- 
genic earner molecules is a well-known approach to augmenting 
immunogenic^. Ganglioside molecules are so small, however, that 

201 



linkage to carrier molecules without affecting the relevant antigenic 
epitopes is difficult. We have shewn previously that modifications of 
G D3 io its carbohydrate portion (i.*., conversion of sialic acd car- 
boxyl groups to amides or ganglioaidcls or lactones) results in mark- 
edly increased immunogenic! ty. However, antibodies produced in re- 
sponse to these G D ., derivatives show no cross-reactivity with native 
Gdj (11, 30). Covalent attachment of proteins to the sialic acid mol- 
ecules of G D3 was therefore not attempted in the present study. Our 
initial approach involv-d conjugation of G m oligosaccharide (disi- 
alyllactose) via the terminal glucose in open- or closed-ring configu- 
ration to fCLH or polytysine, but these conjugates were not recognized 
by the ami-Go* mAb R24 or by mouse antisera to G 01l and mice 
immunized with the conjugates did not produce G w antibodies. Sub- 
sequently, we coupled G oy to proteins via its ceramide portion without 
alteration of the carbohydrate moiety. The ceramide wis cleaved with 
ozone at the double bond of the sphingosin base, and coupling to 
proteins was accomplished by reductive animation. Cleavage of gan- 
gliosides by ozonolysis and subsequent conjugation with proteins by 
this method has not been described, and it has been generally assumed 
that the aldehyde intermediates of gangliosides would be unstable. 
Fragmentation, initiated by hydroxy ions under alkaline conditions, 
has been reported. Migration of the double bond would result in 
Elimination, causing release of the oligosaccharide moiety (22, 31). 
We found, however, that the aldehyde was sufficiently stable at neutral 
pH to permit Schiff base formation with amino groups of proteins, so 
that 0-eiimication was not a major problem. The overall yield was 
30%. These G D3 aldehyde-protein conjugates showed reactivity with 
G D3 antibodies by Western blot analysis, indicating that the immuno- 
dominant epitopes were intact in these G D3 conjugates. However, 
reactivity of the G Dr aldehyde derivative with mAb R24 by nXC 
could not be shown. This may be due to its relatively unstable nature, 
resulting in 6-elimination and release of oligosaccharide during the 
immune stain incubation period, or simply to the fact that the G D3 - 
aJdehyde derivative may not adhere to the thin-layer plate sufficiently 
for serological detection. 

Earlier studies describe oxidative ozonolysis of the glycosphingo- 
Iipid olefinic bond, resulting in a carboxyl group that could be con- 
jugated with carbociimide to NH 2 groups of modified glass beads, 
agarose gel, or other macromolecules (32, 33). This method, however! 
is of limited use lor the conjugation of gangliosides to carrier proteins 
because it requires acetylated, methyl ester derivatives of gangliosides 
to avoid coupling via the sialic acid carboxyl group. Deacetylation 
after conjugation under basic conditions is necessary, conditions most 
proteins cannot be exposed to without degradation. 

Once the conjugation method was established, several protein car- 
riers were considered, based on previous work by others. Lowell tt al 
(34) described an elegant system that resulted in high-titer antibody 
responses as a consequence of anchoring bacterial carbohydrate and 
peptide antigens via a synthetic, hydrophobic foot in OMPs of Vexs- 
seria meningitidis (35). This system was directly applicable to gan- 
gliosides because of their amphipathic nature. In previous studies, we 
adsorbed gangliosides onto ONfP by hydrophobic interaction, and we 
were able to induce high-titer IgM responses (36). Covalent attach- 
ment was utilized in the current study, but G D3 -OMP conjugates 
induced only occasional IgG responses, and the IgM response was not 
increased. Conjugation with cationized BSA, which has been reported 
to be a potent carrier for protein antigens (37), resulted in high-titer 
IgG antibodies detected by EUSA, but immune stains indicated that 
the response was not G Dr specific. Another appealing carrier is the 
MA? system described by L P. Tarn (38, 39). MAPs consist of four or 
eight dendritic peptide arms, containing B- and T-cell epitopes, at- 
tached to an oiigomeric branched lysine core. The antibody response 
to peptides was dramatically increased when these constructs were 
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«ed When we attached G M to the amino terminal end of me MAP 
«> containing . malarij| T<ell ^ OOJy a 

response. Conjugation of G M to polylysine resulted in a medium-tte 
IgM response and no IgG response, despite the high density of G™ 
epitopes on these constructs. * ^" 

TT« carrier that proved io be most effective in enhancing te an£j . 
body response to C w in this series was JCLH. Immunization with 
fe'IiL COaSB ' ently '^"ting production of IgM and 

X ""^"/f™ Gt » 41 hi 8 h «" comparing XLH with 
*SA, OMP, MA?, and polylysine, it « diffic ul, ,0 ^exactly Z 
KLH « » superior carrier for G M . The sheer size and antigenic 

°* mad °« » * ^ * <° antigen prSZ 
and I recmamen. „, T<ell ^ across , broad « T^iTsteS 

« probably response for its unique effectiveness , s a carrier in 
conjugate vaccines. KLH has no, been widely used as a carrier for 
cc^ugate vaccine, in humans because its she and heterogeneity make 
vaccine construction and standardization difficult 

E 7,u agS ?' uncon i u 8" ed Cm «e« » our previous 

h.^t * , 11,15 "P«**» — lUllUod to some extent 

but not ctMnpletely. The peak of the IgM response occurred after ,i 
tturi bweeki, vaccination as in our previous studies with unconj 
^* bu ' ! ne U,ers significantly higher. The 

declined rapidly (as observed beforehand addition^ vacd 
nations .needed IgM titers to previous peak levels TheTer^d 

ST-lSif 1 ,8M antibodies to °» 2S 

«Uo„s dtffers from the expected response to T-cell-dependen. and- 
?™ i "I""'"* which generally induce lit* or no IgM re- 
sponse after booster immunization, For the first time. howeTe" " e 
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were able to induce a higb-tker IgG response against G M mnRlioude 
cons^tenU, This response lasted W^on^tl* 

"l^Z ft ^ T'^ by Sddi,, ' 0fl,d although the 

exn^n f * l T W VWB,a,iMS WM "°' -I**** U* 
ol r n w CrcaS * 0f " n SW ° With > >ro,ein •"«>«"• Th* fact that ,be 

^nden, pathway was activated by the G D3 -KLH conjugate vaccine. 
The Uck of a dasstcal booster effect, however, may reflect the car 

isrz s of ° m and ? sims " " » 5- 

gens that T-cel] recruionen, by ganglioside conjugate vaccines is 

Srf^ , " ex »* rimen « "P««nts a striking to- 

provemem over the response to unconjugated f^ehosidTwT, 
and can now form the basis for diJ^KS 
conjugate vaccines h patients with cancers that showSetd^ 
glioside expression. * 
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